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but	 the	workers	 often	 forego	 their	 own	 reproduction,	 allowing	 the	











sufficiently	 large	 (Olejarz	 et	al.,	 2015,	 2016;	 Ratnieks,	 1988).	 In	yet	
another	scenario,	a	mutation	could	act	in	a	queen,	causing	her	to	sup-
press	her	workers’	reproduction	(Bourke,	1988;	Charlesworth,	1978;	
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Craig,	 1979;	 Hӧlldobler	 &	Wilson,	 1990;	 Vienne,	 Errard,	 &	 Lenoir,	
1998).	Here,	we	study	the	population	genetics	of	this	possibility.
There	are	several	mechanisms	by	which	a	queen	can	manipulate	
her	 workers’	 reproductive	 output	 (reviewed	 in	 Ronai,	 Vergoz,	 and	












direct	queen	policing	 is	 infeasible	 (Fletcher	&	Ross,	1985;	Gadagkar,	
1997;	Katzav-	Gozansky,	2006;	Le	Conte	&	Hefetz,	2008).
Pheromonal	 suppression	 by	 queens	 or	 dominant	 individuals	 has	
long	been	recognized	in	the	eusocial	Hymenoptera	(Butler	&	Simpson,	
1958;	 Keller	 &	 Nonacs,	 1993;	 Kocher	 &	 Grozinger,	 2011).	 For	 ex-
ample,	 queen	 tergal	 gland	 secretions	 (Wossler	&	Crewe,	 1999)	 and	
queen	mandibular	pheromone	 (Hoover,	Keeling,	Winston,	&	Slessor,	
2003;	Ronai,	Oldroyd,	&	Vergoz,	2016c;	Ronai,	Oldroyd,	et	al.,	2016a)	
have	 both	 been	 shown	 to	 limit	 ovarian	 development	 in	 honeybee	







2014;	 Saha	 et	al.,	 2012),	 the	 euglossine	 bee	 Euglossa melanotricha 





















we	 study	 the	 population	 genetics	 of	 alleles,	 dominant	 or	 recessive,	
that	act	in	queens	to	reduce	worker	reproduction.	Within	our	setup,	
we	derive	exact	conditions	for	invasion	and	stability	of	these	alleles,	




















all	 queens	 produce	 chemicals	 that	 suppress	 workers’	 reproduction.	
Now	suppose	that	a	“resistance”	mutation	arises	that	renders	workers	
in	whom	 it	 is	expressed	 immune	 to	queen	suppressor	chemicals,	 so	
that	 these	workers	again	 lay	male	eggs.	 If	 this	 “resistance”	mutation	











prevents	 some,	 but	 not	 all,	 of	workers’	 reproduction—subsequently	
	inducing	complete	worker	sterility	(Bourke,	1988;	Ratnieks	et	al.,	2006).
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onies	 in	 the	population.	A	 single	 gyne	mates	with	n	 distinct	 drones	
that	 are	 chosen	 randomly	 among	 all	 drones	 in	 the	 population.	 She	
then	founds	a	new	colony	and	assumes	the	dominant	position	within	
her	colony	(Figure	1a).	She	fertilizes	haploid	eggs	with	the	sperm	from	










of	drones:	A	 and	a.	There	are	 three	 types	of	gynes:	AA,	Aa,	 and	aa. 
A	queen’s	 type	 (or,	 equivalently,	 that	 of	 a	 colony,	 as	 each	 colony	 is	
headed	by	a	single	queen)	is	denoted	AA,	m; Aa,	m; or aa,	m,	depend-
ing	on	whether	 the	queen’s	own	genotype	 is	AA,	Aa,	 or	aa,	 respec-
tively,	and	the	number,	m,	of	mutant	(type	a)	drones	she	mated	with,	




If	 the	mutant	allele,	a,	 is	dominant,	 then	 type	AA,	m	queens	are	
wild-	type,	while	type	Aa,	m	and	type	aa,	m	queens	have	the	mutant	









new	gynes	 and	drones	 are	 produced	 at	 rate	 r′	≥	0.	Thus,	 colonies	
headed	by	queens	with	the	mutant	phenotype	have	different	values	
of	the	fraction	of	queen-	produced	males	and	colony	efficiency—p′	
and	 r′,	 respectively—compared	with	 colonies	headed	by	wild-	type	
queens.




to	 invasion	when	fixed.	 In	principle,	 these	colony-	level	quantities	
are	directly	measurable:	How	many	reproductive	males	do	the	two	
colony	types	produce,	and	what	proportion	of	these	are	produced	
by	workers	 in	 each	 case?	 Clearly,	 p,	 r,	 p′,	 and	 r′	 result	 from	 the	
interplay	between	many	demographic	 and	ecological	 factors,	 but	
these	need	not	 be	 known	 to	predict	 the	 fate	of	 a	 queen-	control	
allele.	 It	 is	 instructive	to	consider	the	relative	values	of	these	pa-
rameters	in	the	context	of	a	queen	that	influences	her	workers’	re-
production.	We	expect	that	p′	>	p;	that	is,	the	effect	of	the	queen’s	
manipulation	 is	 to	 increase	 the	 fraction	 of	male	 eggs	 that	 come	




























We	briefly	note	the	following	 limitations	of	our	analysis.	 If	 there	
are	overlapping	matrilines	within	a	colony,	that	is,	if	colonies	are	po-















Condition	(1)	 applies	 regardless	 of	 whether	 the	 queen-	control	
allele,	 a,	 is	 dominant	 or	 recessive.	 The	 evolutionary	 dynamics	
demonstrating	 Condition	(1)	 for	 single	 mating	 and	 for	 a	 dominant	
queen-	control	allele	are	shown	in	Figure	2(a).





strating	 Condition	(2)	 for	 single	 mating	 and	 for	 a	 dominant	 queen-	
control	allele	are	shown	in	Figure	2(b).










fixed-	point	 theorem	guarantees	 the	existence	of	at	 least	one	mixed	

















































Invasion of queen control






























Stability of queen control against
noncontrolling queens
(a) (b)
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Regions	of	the	parameter	space	are	shown	in	Figure	3,	and	evolution-
ary	dynamics	illustrating	the	three	scenarios	are	shown	in	Figure	4.
Two	 points	 regarding	 the	 dynamics	 of	 the	 queen-	control	 allele	
deserve	emphasis.	 First,	 the	 conditions	 for	 evolutionary	 invasion	and	
stability	of	queen	control	do	not	depend	on	the	queen’s	mating	num-
ber,	n.	To	develop	intuition,	consider	the	introduction	of	an	initially	rare	














offspring	 in	 relative	proportions	 that	 do	not	depend	on	n,	 and	Aa,	 0	
colonies	produce	mutant	and	wild-	type	offspring	in	relative	proportions	
that	 do	 not	 depend	 on	n.	 Thus,	n	 does	 not	 enter	 into	 Condition	(1).	
(However,	the	number	of	matings,	n,	does	affect	the	evolutionary	dy-
namics	at	intermediate	frequencies	of	the	queen-	control	allele.)
Second,	queen	 control	 can	evolve	even	 if	 it	 results	 in	 efficiency	
losses.	This	can	be	seen	 from	Conditions	(1)	and	 (2),	where,	 in	both	
cases,	 the	 right-	hand	 side	 is	 less	 than	 1	 because	 p′	>	p.	 A	 simple	
relatedness-	based	argument	already	suggests	this	(Bourke,	1988),	as	
the	queen	has	relatedness	1/2	to	her	sons	and	relatedness	1/4	to	her	
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reproductive	efficiency	 than	wild-	type	colonies	while	 still	 increasing	
the	relative	amount	of	the	mutant	allele	in	the	population.









mutant	allele	 in	 their	offspring	 than	wild-	type	colonies.	So,	 again,	 it	
can	be	that	mutant	aa,	0	colonies	have	a	 lower	overall	 reproductive	




to	develop	 in	a	population	even	 if	 it	diminishes	colony	reproductive	
efficiency.	 (This	 is	 consistent	 with	 earlier	 work	 of	 Craig	 (1979),	 al-
though	that	work	considered	parental	manipulation	in	a	different	con-
text,	 in	which	workers	either	 reproduce	 sexually	or	become	helpers	
of	their	queen.	Avila	and	Fromhage	(2015)	also	found	that	synergistic	
efficiency	gains	from	helping	are	not	necessary	for	evolution	of	sterile	
workers,	 but	 they	 too	 consider	 a	 different	 setup,	whereby	nest-	site	
limitation	 and	 dispersal	 mortality	 act	 as	 ecological	 constraints	 that	
promote	the	evolution	of	eusociality.)
3.2 | Worker resistance or acquiescence: is queen 
























workers	 are	 reproductive	 (Olejarz	 et	al.,	 2015).	 If	 a	 colony	 contains	






















rility.	Setting	p0 = p	and	r0 = r	in	the	condition	directly	after	condition	
(34)	in	Olejarz	et	al.	(2015),	we	obtain	
In	Condition	(4),	 r1/(2n)	 is	 the	 colony	 reproductive	 efficiency	when	 a	
fraction	 (2n	−	1)/(2n)	 of	workers	 are	 reproductive,	 and	p1/(2n)	 is	 the	
fraction	of	queen-	derived	males	when	a	fraction	(2n	−	1)/(2n)	of	work-
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To	 determine	 whether	 queen	 control	 is	 evolutionarily	 stable	
against	a	recessive	b	mutation	in	workers	that	restores	their	reproduc-
tion,	we	turn	to	the	condition	directly	after	condition	(49)	 in	Olejarz	












condition,	 for	 any	number	of	matings,	n,	 for	 invasion	of	 a	dominant	
mutation	 in	workers	 that	 results	 in	worker	 sterility.	 Setting	 r0 = r	 in	
condition	(20)	in	Olejarz	et	al.	(2015),	we	obtain	
In	Condition	(9),	r1/n	is	the	colony	reproductive	efficiency	when	a	frac-




















Figure	5	 shows	 the	 evolutionary	 outcome	 of	 queen	 control	 for	
parameters	p	and	r′.	We	set	r	=	1	without	 loss	of	generality.	 In	each	





ues	 (p,	r′)	 in	 the	 lower,	 red	region,	 the	a	mutation	for	queen	control	
is	unable	to	spread	to	fixation.	For	values	(p,	r′)	 in	the	middle,	green	
region,	the	a	mutation	for	queen	control	invades	and	is	evolutionarily	
stable	 to	noncontrol,	 but	 the	 subsequent	b	mutation	 for	worker	 re-
production	also	 invades	and	 is	evolutionarily	stable,	undoing	the	ef-
fects	of	queen	control.	For	values	(p,	r′)	in	the	upper,	blue	region,	the	




















3.3 | The effects of partial queen control
There	 is	 a	 subtlety,	 however.	 Figure	5	 assumes	 that	 queen	 control	
can	be	easily	undone	by	a	single	mutation	 in	workers.	This	assump-
tion	 is	 not	 necessarily	 true.	A	 single	mutation	 in	 a	worker	may	not	













































































Thus,	 there	 is	 another	 important	aspect	 to	 the	question	of	evo-
lutionary	stability	of	queen	control.	 In	a	wild-	type	colony,	the	queen	
does	 not	 exert	 control	 over	 her	workers’	 production	 of	 males.	 The	
queen	produces	a	fraction	p	of	males,	and	the	colony’s	reproductive	



























upper	boundary	is	given	by	(a)	Condition	(6)	for	n	=	1,	(b)	Condition	(10)	for	n	=	1,	(c)	Condition	(6)	for	n	=	2,	and	(d)	Condition	(10)	for	n = 2. For 
this	plot,	we	use	Equation	(5),	and	we	set	p′	=	1	and	r = 1
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Queen versus worker control
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ile?	To	 answer	 this	 question	 for	 a	 recessive	 c	 allele,	we	 turn	 to	 the	
condition	directly	 after	 condition	 (34)	 in	Olejarz	et	al.	 (2015),	which	
is	the	condition,	for	any	number	of	matings,	n,	for	invasion	of	a	reces-
sive	mutation	 in	workers	that	causes	worker	sterility:	Setting	p0 = p′	
and	r0 = r′	in	the	condition	directly	after	condition	(34)	in	Olejarz	et	al.	
(2015),	this	condition	becomes	
In	 Condition	(14),	 r1/(2n)	 is	 the	 colony	 reproductive	 efficiency	 when	
a	 fraction	1/(2n)	of	workers	are	 sterile,	 and	p1/(2n)	 is	 the	 fraction	of	
queen-	derived	males	when	a	fraction	1/(2n)	of	workers	are	sterile.	If	
Condition	(14)	 is	 satisfied,	 then	a	 subsequent	 recessive	mutation,	c,	
that	acts	in	workers	to	render	them	sterile	invades	a	partially	queen-	
controlled	population.





In	 Condition	(15),	 r1/2	 is	 the	 colony	 reproductive	 efficiency	when	 a	
fraction	1/2	of	workers	are	sterile,	r(n−1)/n	 is	the	colony	reproductive	
efficiency	when	a	fraction	(n	−	1)/n	of	workers	are	sterile,	and	p(n−1)/n 
is	 the	 fraction	 of	 queen-	derived	males	when	 a	 fraction	 (n	−	1)/n	 of	
workers	 are	 sterile.	 If	Condition	(15)	 is	 satisfied,	 then	 a	 subsequent	
























































−3.	For	(b)	and	(d),	we	introduce	the	b	allele	for	worker	reproduction	at	time	t = 300. 
For	panels	(a)	and	(c),	pa	is	given	by	Equation	(12),	while	for	panels	(b)	and	(d),	pb	is	given	by	Equation	(13).	For	calculating	pb,	p1/2	is	given	by	the	
assumption	for	pz	in	Equation	(5).)
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n = 1 mating
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n = 1 mating
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Also	 for	 the	 parameter	 choices	 given	 by	 Equation	(16),	
Condition	(15)	becomes	
To	 determine	 whether	 partial	 queen	 control	 can	 enable	 the	
evolutionary	success	of	a	dominant	c	mutation	in	workers	that	ren-
ders	them	sterile,	we	turn	to	condition	(20)	in	Olejarz	et	al.	(2015),	




In	 Condition	(19),	 r1/n	 is	 the	 colony	 reproductive	 efficiency	when	 a	
fraction	1/n	of	workers	are	sterile,	r1/2	is	the	colony	reproductive	ef-





To	 further	 determine	whether	 the	 dominant	 c	 allele	 can	 fix,	we	
must	also	consider	the	condition	directly	after	condition	(49)	in	Olejarz	
et	al.	(2015),	which	is	the	condition,	for	any	number	of	matings,	n,	for	
stability	of	a	dominant	mutation	 in	workers	 that	causes	worker	 ste-
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Queen control and worker sterility
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Queen control and worker sterility













































gion	 and	 the	upper,	 blue	 region	 is	 given	by	Condition	(17)	 for	n = 1 
(Figure	7a),	 Condition	(21)	 for	 n	=	1	 (Figure	7b),	 Condition	(17)	 for	
n	=	2	(Figure	7c),	and	Condition	(21)	for	n	=	2	(Figure	7d).	This	bound-
ary	determines	whether	workers	become	sterile	after	the	queen	has	
seized	 partial	 control	 of	 male	 production.	 Suppose	 that	 the	 queen	
seizes	partial	 control	of	male	production.	For	values	 (p′,	r*/r′)	 in	 the	
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Here,	XCC,	 0,	XCC,	 1,	XCc,	 0,	XCc,	 1,	Xcc,	 0,	 and	Xcc,	 1	 are	 the	 frequencies	








that	 act	 in	 queens	 to	 suppress	worker	 reproduction.	We	 have	 also	















onies	without	 queen	 control)	 and	 the	 proportion	 of	males	 that	 are	
produced	by	the	queen	 (to	p′,	 from	a	value	of	p	 in	colonies	without	















unstable	with	respect	 to	the	 invasion	of	worker	resistance	 if	 it	does	











models	 of	 parent–offspring	 conflict	 (Godfray,	 1995;	 Trivers,	 1974;	
Yamamura	&	Higashi,	 1992),	 this	 result	 is	 interesting	 in	 light	 of	 the	
continuing	 empirical	 debate	 over	whether	 queen	 control	 represents	
coercion	or	honest	signaling.	Many	recent	works	have	expressed	dis-
favor	 toward	 the	 coercion	 interpretation	 (Chapuisat,	 2014;	Holman,	
2010;	Keller	&	Nonacs,	1993;	Oi,	van	Zweden,	et	al.,	2015;	Peso	et	al.,	






that	 induce	 specific	 primer	 or	 releaser	 effects	 on	 workers	 (Bello,	
McElfresh,	&	Millar,	2015;	Eliyahu,	Ross,	Haight,	Keller,	&	Liebig,	2011;	
Sharma	et	al.,	2015;	Smith,	Hӧlldobler,	&	Liebig,	2012;	Van	Oystaeyen	





















Moreover,	 in	 our	 analysis,	 colony	 efficiencies	 with	 and	 with-
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production	 of	 drones,	 it	makes	 it	 beneficial	 for	workers	 instead	 to	
invest	 their	 resources	 in	 colony	 maintenance	 tasks	 (Wenseleers,	
Hart,	 &	 Ratnieks,	 2004;	Wenseleers	 &	 Ratnieks,	 2006).	Therefore,	
colony	 efficiency	 could	 change	 if	 the	 evolution	 of	 queen-	induced	
worker	sterility	is	followed	by	the	evolution	of	more	efficient	helping	
by	workers	(González-	Forero,	2014,	2015).	Under	this	scenario,	it	is	
possible	 that	 queen	 control	 establishes	 in	 a	 system	where	worker	
resistance	 is	 initially	 under	 positive	 selection—Conditions	(6)	 and	
(10)	do	not	hold—but	that	subsequent	efficiency	gains	by	the	now-	
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